Due to the influence of non-ideal sine wave back electromotive force (back EMF), the current and torque ripples of permanent magnet synchronous motor (PMSM) may be increased. So some novel mathematic models of PMSM considering non-ideal back EMF are deduced to investigate this phenomenon. Based on the nonlinear models of PMSM, a double-loop control system using vector control and SVPWM is constructed with MATLAB/Simulink. The simulation experiments are carried out under no-load and load-carrying conditions. Experiments results show that the stator current and electromagnetic torque of nonlinear PMSM contains higher harmonics using conventional dq-axis vector control.
INTRODUCTION
PMSM with simple structure, small size, high efficiency, widely used in aerospace, industrial control and other fields, is the current mainstream motor [1] .
At present, the models of PMSM are based on the linear model of the ideal sine wave back EMF, and do not consider the impact of nonlinear back EMF on the motor simulation accuracy. In fact, due to the limitation of design and manufacturing process, the back EMF of motor tends to exhibit nonlinear characteristics of high harmonics. In addition, the incomplete symmetry of the three phases of the stator winding lead to the asymmetry of the three back EMF [2] [3] .Due to the non-ideal characteristics of the motor back EMF, the stator current will also produce higher harmonics, which in turn leads to a larger pulsation of the electromagnetic torque [4] . The common linear models of PMSM can't reflect the high frequency characteristic of the back EMF and the current, and has no guiding significance for the research and design of the nonlinear PMSM. In order to accurately simulate the nonlinear PMSM, it is imminent to establish the nonlinear PMSM simulation system.
In this paper, a mathematic model of PMSM based on non-sinusoidal back EMF is ___________________________ established and the simulation model of PMSM based on SVPWM is designed with MATLAB/Simulink. The simulation model provides an effective theoretical basis for the analysis and design of nonlinear permanent magnet synchronous motor control system.
SIMULATION OF A NONLINEAR PMSM
The voltage equation for common PMSM in the three-phase stationary axis is;
where 
where, ω e is the electrical angular speed of the rotor [5] .
Combining (1) with (3), the voltage equations for nonlinear PMSM in dqaxis are; 
Therefore,(4) can be simplified as;
where, L d , L q are the dq-axis equivalent inductances.
From the equations above, we should notice that the nonlinear PMSM generates flux linkage harmonics both on d anduantities. This is very different from ideally sinusoidal PMSM, in which Ψ fd is a constant and Ψ fq is zero.
The back EMF of PMSM in dq-axis is; 
Combining (6) with (7), the voltage equation for nonlinear PMSM can be written as;
Where e d , e q are the dq-axis back EMF which contains high-frequency harmonics.
The electromagnetic torque of PMSM can be calculated from the electromagnetic power and the mechanical angular velocity. According to the principle of equal amp litude coordinates, when converting from three-phase coordinate system to dq coordin ate system, the multiplier should be multiplied by3/2 [6] . The electromagnetic power Pe can be written as;
Where E is the induced electromotive force. According to the relationship between electromagnetic power, electromagnetic torque and speed, electromagnetic torque can be expressed as; Where ω m is the mechanical angular velocity of motor.
Combining (9) with (10), the electromagnetic torque equation for nonlinear PMSM can be written as;
Where P is the number of pole pairs.
Available from the above analysis, the mathematical model of PMSM can be written as follows;
The voltage equation is;
The electromagnetic torque equation is;
The mechanical dynamics is; Figure 1 , which is composed of the speed ring and current ring. The outer ring is a speed loop, which increases the ability of the system to resist the disturbance of the load. After the difference between the given speed and the feedback speed passes through the speed regulator, the torque current component i q * is obtained. The inner ring is a current loop and has a double loop structure, controlling the actual torque current component i q tracking i q * and the excitation current component i d tracking i d * through two current regulators. The output are dq-axis voltages u d and u q . After the transformation of Park, the αβ-axis stator voltages component u α and u β are obtained. The total control process can be realized by using u α and u β through the SVPWM module to generate the 6 PWM control signals [7] [8] . 
VECTOR CONTROL SYSTEM OF PMSM

SYSTEM SIMULATION MODEL
Based on the above analysis, vector control system simulation model based on SVPWM is established under MATLAB/Simulink. The simulation models of each component are shown in Figure 2~5 . Figure 3 shows the simulation model of PMSM which is based on the mathematical models of PMSM and is the core of the simulation system. U/I module is built based on the stator voltage equations to obtain the dq-axis currents. Mec module is built based on the electromagnetic torque equation to obtain the motor speed. 
SIMULATION RESULTS AND ANALYSIS
The given parameters of a PMSM are shown in Table I . At t=0s, the motor is stated without load and at t=0.12s, the load torque increases 8N.m. Figure 6 shows the motor speed, back EMF, electromagnetic torque and stator current waveform for a given reference speed of 500r/min. As we can see from the speed waveform, when the reference speed is 500r/min, the motor enters the steady state at 0.02s, the dynamic response is fast, and there is no error in the steady state operation. At 0.12s, the speed dropped somewhat, then quickly stabilized at 500r/min. it can be seen from Figure 6 (b), Figure 6 (c) and Figure 6 (d) that the nonlinear permanent magnet synchronous motor due to its back EMF contains high harmonics, resulting in the stator current also contains high-frequency components, thereby making the electromagnetic torque has a larger pulse. The simulation waveforms are consistent with the theoretical analysis, indicating the correctness of the model.
CONCLUSION
This paper constructs the model of nonlinear permanent magnet synchronous motor vector system based on SVPWM in MATLAB/Simulink. The result shows that the electromagnetic torque and the three-phase stator current contain high harmonics when the anti-electric potential of the PMSM presents the non-ideal sine wave.
